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ABSTRACT 


Nonmetaliized double base propellant and ammonium perchlorate/ 


binder sandwich combustion were studied in standard and high accel- 
eration environments. Experimental techniques used were high speed 
motion pictures, two-color schlieren and pressure-time trace deter- 
mination of burning rates. The double base propellant was studied at 
pressures to 1250 psia and accelerations to + 1000 g's. Two binder 
systems were used in the AP/binder sandwiches. Tests were con- 
ducted with two binder thicknesses at 400 psia and with acceleration 
levels of zero and 100 g's. It was found for double base propellant 
that the temperature increased continuously from the surface to the 
visible flame and that acceleration induced burning rate augmentation 
occurred. Acceleration apparently modified the surface or subsur- 
face combustion zones. AP/binder sandwich combustion was found 
to be acceleration sensitive with binder flow being the most plausible 


mechanism. 
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Pons ODUC TION 


Investigations have shown that accelerations directed normal and 
into the burning surface of solid propellants usually affect the burning 
rate. Augmentation of the burning rate can cause solid propellants to 
deviate from their static characteristics and result in off-design per- 
formance. This study considered the burning rates of nonmetallized 
double base and composite propellants in high acceleration environ- 
ments. 

Few studies have been conducted with nonmetallized double base 
propellants. An investigation by Bulman and Netzer [Ref. 1] reported 
the following results for a non-aluminized double base propellant with 
copper and lead additives: 

(1) The burning rate augmentation decreased with increasing 
pressure and acceleration. 

(2) The augmentation decreased with the weight of the molten 
metal (copper and lead) layer formed on the burning surface. 

(3) High accelerations caused instabilities in the burning rate 
by flooding and unflooding the burning surface with the molten layer. 
The same study [Ref. 1] reported the following for an aluminized 
double base propellant with copper and lead additives: 

(1) The augmentation increased with increasing pressure and 


acceleration. 





(2) Aluminum increased the augmentation but the effect was 
nearly cancelled by the opposite behavior of the copper and lead addi- 
tives. 

In this investigation, no metal additives were present in the double 
base propellant. Thus, the propellant consisted of principally nitro- 
cellulose and nitroglycerin [Table I (a) ] with no ballistic modifiers. 
Using this propellant, acceleration sensitive mechanisms in the basic 
combustion process (no metallic agglomeration due to acceleration) 
could be investigated. 

The investigation of nonmetallized composite propellants is a 
continuation of a study by Brown, Kennedy, and Netzer [Ref. 2]. That 
study included an investigation of ammonium perchlorate (AP) with a 
binder of polybutadiene acrylic acid (PBAA). These sandwiches were 
burned under high accelerations. The following is a summary of their 
results which are applicable to this investigation: 

(1) Binder thickness had little effect on the burning rate. 

(Zn ihe ee rates of AP/PBAA sandwiches comprised of 
ultra we Purity (JHE) AP were acceleration sensitive. 

(3) A small amount of binder flow onto the AP increased burn- 
ing rates but excess flow quenched the reaction. 

(4) Augmentation was due in part to interaction between the 
binder melt and the AP/AP melt. 

In order “ee verify these conclusions, this investigation studied 


two additional binders, polyurethane (PU) and hydroxyl terminated 





polybutadiene (HTPB), and two binder thicknesses. These sandwiches 
were tested at one pressure and two accelerations. 

To determine the mechanism responsible for burning rate acceler- 
ation sensitivity of nonmetallized double base and EOMmposite prope! = 
lants, the following data were obtained: (a) burning rates, (b) burning 
rate augmentation at high accelerations, and (c) surface and gas phase 
behavior by using high speed motion pictures of the burning at zero and 


Pie g's. 





ie Mi POD OF INVESTIGATION 


High speed motion pictures (7500 PPS) ina nitrogen purged 
combustion bomb were taken of the double base propellant combustion. 
A film consisted of color schlieren with alternating real light frames. 
These films were used to determine the flame position and structure, 
and the vertical and horizontal temperature profiles as a function of 
pressure (500 and 800 psia). 

The static burning rate (zero g) was determined from a pressure- 
time trace in a combustion bomb attached to a high acceleration cen- 
fmaee. the pressure-time trace not only showed the burn time but 
also any fluctuations in pressure caused by instabilities in burning. 
Strand lengths of one and two inches were investigated and compared 
to burn data received from the Naval Ordnance Station [Ref. 3]. Most of 
the strands employed had a cross section of three-sixteenths by one - 
half inch. A few strands with a larger cross section, one-half by one- 
half inch, were also used. The pressure for both strand lengths was 
Varied trom 1/00 to 1250 psia. A somewhat less accurate burn rate was 
also calculated from the high speed motion picture photography obtained 
in the combustion bomb and the optical centrifuge. 

The burning rate augmentation was Calculated from the high accel- 
eration centrifuge data. The pressure-time traces showed the burn 


time and any instabilities for two-inch strands with the same cross 
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section as above. At pressures of 500 and 1000 psia, the acceleration 
was varied from zero to 1000 g's directed normal and into the burning 
surface. Additional runs at negative 1000 g's (normal and out of the 
burning surface) were run at 1000 psia. The calculated augmentation 
from the optical centrifuge was compared to that obtained from the 
high acceleration centrifuge. 

The optical study was performed using ahigh speed motion picture 
camera (3000 PPS) to observe the burning surface of the propellant 
and the flame position and behavior. Because the combustion bomb 
on the optical centrifuge was small, the double base strands were one- 
half inch in length with a cross section of three-sixteenths by one- 
quarter inch. 

The composite AP/binder sandwiches were visually studied under 
accelerations of zero and 100 g's at a pressure of 400 psia. An optical 
centrifuge equipped with a high speed motion picture camera was used 
to record the surface behavior during combustion. The sandwiches 
were made with ultra high purity ammonium perchlorate and two differ - 
ent binders, PU and HTPB. To determine the effect of the binder 
thickness on the burning rates, the sandwiches were constructed with 
two different thicknesses, 25 and 100 microns. The strands were one- 
half inch high with a cross section of three-sixteenths by one-tenth 
inch. Zero g burning rates, augmentation in acceleration environments, 


and AP/binder interactions were determined from the films. 
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(ito <P RIMENTAL APPARATUS AND PROCEDURES 


eth Ore EDANT SPECIFICATIONS 

The constituents of the double base propellant are listed in Table 
I (a). The propellant was supplied by the Naval Ordnance Station at 
Indian Head, Maryland. 

Specifications for the AP and binders are shown in Table I (b). 
The AP listed was used with both types of binder. The two binder 


thicknesses were approximately 25 and 100 microns. 


Peter COM LERATION CENTRIFUGE 

The high acceleration centrifuge had a nominal diameter of 76 
tienes. Propellants were burned in a nitrogen atmosphere to pres- 
sures of 1250 psia and accelerations of 1000 g's. The 115 cubic inch 
bomb was vented to surge tanks with a total volume of 1450 cubic inches 
inches. A pressure-time trace of the burn was produced on a Honey- 
well Visicorder model 1508. 

_ The strands were ridigly inhibited on all sides and the base with 

Selectron 5119 resin and "'Garox'! curing agent. 

A detailed description of the high acceleration centrifuge and the 


associated procedures has been presented in references 4 and 5. 


Cnet Ce CENTRIFUCGE 
The centrifuge was equipped with a Hycam model K1001, 16mm 


high speed motion picture camera mounted above a 24-inch diameter 


Ez 





rotating table. The nitrogen purged bomb was capable of operating to 
800 psia and 110 g's with the associated equipment installed. The non- 
metallized propellant required the use of a General Electric Marc 
300/16 projection lamp as a light source. A timing mark was pro- 
duced on the film edge by a Red Lake Laboratories Millimite TLG-4 
timing oscillator. The camera was operated at 3000 pictures per 
second. 

The optical centrifuge has been discussed in references 4, 6, 


and 7. 


D. COMBUSTION BOMB AND SCHLIEREN 

The schlieren was produced with a red-blue matrix and was used 
to obtain both vertical and horizontal density gradients. A light source 
chopper was placed between the bomb and the schlieren source to 
create alternating frames of real light photography. A film speed of 
7500 pictures per second was used. The bomb had a maximum oper- 
ating pressure of 1000 psia. A Hycam model K2004E-115 high speed 
motion picture camera and a Red Lake Laboratories timing oscillator 
recorded the burn. 

The combustion bomb has been detailed in reference 6, while the 
changes to the bomb and the color schlieren are discussed in reference 


Se 
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BE. AP WAFER AND SANDWICH FABRICATION 
Mneete waters were molded at a pressure of 30,000 psi for 20 
minutes. The binder curing processes are givenin Table I (b). 
The fabrication techniques have been presented in references 6 


omc S. 


Pee CcALCULATION OF BURNING RATES FROM FILMS 

The timing oscillator was set at 1000 Hz and produced a mark on 
the edge of the film. The burn was measured from the film after igni- 
tion transients had disappeared. Distance burned was always taken to 


the point where the maximum burn depth could be observed. 
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Ye wow DiS AND DISCUSSION 


The figures 1 through 6, and 9 through 15 are reproduced in black 
and white from color prints. The color prints along with two edited 
films, one on double base propellant and the other on composite pro- 
pellants, are available on loan from Associate Professor D. W. Netzer, 


Naval Postgraduate School, Monterey, California. 


Pe DOUBLE BASE PROPELLANT 

The study of the horizontal density profile using the vertical knife 
edge schlieren, figures land 3, showed distinct burning sites on the 
propellant surface. The size of these sites was found to be independ- 
ent of pressure (at 500 and 800 psia). Site width varied from 150 to 
200 microns. The sites moved very slightly in their horizontal posi- 
tion and remained well defined for periods of 25 to 50 milliseconds. 
This was similar to observations of AP combustion by Murphy and 
Netzer [ Ref. 8]. 

The vertical density profile, figures 2 and 4, showed the density 
continuously eee froma the surface to the visible flame. As- 
suming that the density variation is predominantly determined by tem- 
perature variations, the films indicate a continuously increasing 
temperature from the surface to the visible flame. This result is 


different from many previous studies which used double base 
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propellants containing ballistic modifiers. According to Shorr and 
Zaehringer [Ref. 9], this "dark zone" has a region of constant temper - 


ature. 


Reference 9 also presents an expression for the height of the dark 
zone (distance from the surface to the visible flame) as i i inches, 
with pin psi. The flame heights calculated from the films at 500 psia 
were 0.08 and 0.06 inches [Figures | and 2 respectively]. At 800 psia 
the flame heights were 0.03 and 0.02 inches [Figures 3 and 4]. These 
measured flame heights are in agreement with that predicted by the 
formula presented in reference 9. 

The zero g burning rates determined from the two-inch strands 
had less variation than the shorter one-inch strands and therefore, the 
longer strands were used throughout the study. The pressures in the 
high acceleration centrifuge were varied from 100 to 1250 psia. There 
were no combustion instabilities observed in the pressure-time traces 
taken at zero g's. This data was repeatable to 5 per cent. This also 
indicated a stable burning process. The burning rate suppled by the 
Naval Ordnance Station (Ref. 3] included pressures from 500 to 4000 
psia. Figure 7 compares the burning rate data at pressures that were 
common to both. The two lines in Figure 7 have nearly equal slopes, 
with the Naval Ordnance Station data higher. This was due primarily 
to the different temperatures at which the propellant was burned. Tests 
with a larger cross section strand (one-half by one-half inch) showed 


that the burning rate was not affected by strand cross section. There- 


fore, the smaller cross section was used for all subsequent tests. 
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The zero g burning rates obtained from the combustion bomb and 
the optical centrifuge were within a maximum difference of 30 per cent 
from those determined in the high acceleration centrifuge. The aver- 
age difference was below 20 per cent. These differences were prob- 
ably due to the transient effects of ignition and the relatively small 
size samples required in the combustion bomb and the optical centri- 
fuge. In addition, the strands used in the combustion bomb and the 
optical centrifuge were not inhibited. Those used in the high acceler- 
ation centrifuge were rigidly inhibited for support. The eewane rate 
data taken from the films had a minimum burn time of 0.5 seconds 
with the exception of the schlieren films. These times were about 
0.2 seconds. 

Burning rate augmentation was observed at high accelerations for 
the nonmetallized double base propellant. Figures 8 (a) and 8 (b) show 
the augmentation as a function of acceleration at 500 and 1000 psia 
respectively. The zero g burning rates at 500 and 1000 psia were 
OyZ271 and 0.452 “ache per second respectively. Instabilities in com- 
matter at high accelerations were indicated by observed oscillations in 
the pressure-time trace and may be the cause for the data scatter 
shown in Figure 8. The burning was more stable at the lower g's and 
the higher pressure (1000 psia). Tests at negative 1000 g's showed no 
augmentation and indicated the same stable combustion exhibited at 


Zerop's. 
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The optical centrifuge showed the yellow visible flame at zero g's 
[Figure 5]. At accelerations of 100 g's the visible flame was not ob- 
served at any time [Figure 6]. The viewing area of the camera was 
large enough to record any visible flame present during combustion. 

Calculations of the acceleration induced pressure increase at the 
bottom of a 100 micron liquid layer on the propellant surface showed 
it was only about 3 per cent at 100 g's and therefore, was not respon- 
sible for the observed augmentation. The gas phase would be affected 
even less. These results indicate that the primary mechanism for 
augmentation is most likely contained in a two-phase region at/or with- 
in the burning surface. Inthis region, density differences are more 
meemounced and could be more significantly affected by acceleration 
fields. Huggert, Baryley and Mills [Ref. 10] refer to this region as 
the subsurface zone. The subsurface zone is just below the propellant 
surface and is comprised of gas and liquid in which an exothermic 
Be verion Occurs. One obvious effect of the acceleration environment 
was the elimination as: the visible flame. This may have occurred as 
a eon of a change in the products of combustion. 

One possible mechanism for the observed augmentation is that the 
acceleration causes a change in the interaction of the gas and liquid 
phases, thereby increasing the heterogeneous reaction rates. Coupled 
with this is the possibility that the acceleration induced changes in the 


combustion products increases the radiation to the surface in the 
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ultraviolet spectrum. The double base propellant contained no opaci- 


fying agents such as carbon black. 


Pec OMPOSITE PROPELLANT 

Tables II and III summarize the results obtained with sandwich 
burners. Figures 9 through 15 are photographs which were typical 
of the burns obtained for the various binders, binder thicknesses and 
accelerations. 

As shown in Tables Il and III, the zero g burning rates were sensi- 
tive to binder thicknesses. PU burned with approximately the same 
rates for both binder thicknesses, while the 0.004 inch HTPB burned 
faster than the 0.001] inch HTPB. 

At zero g, sandwiches made with 0.001 thick binders of PU and 
HTPB showed similar flame characteristics. The flame width at its 
base was not much larger than the binder width. This fact, along with 
the smaller flame size, indicated that not much binder flow occurred. 
The 0. 004 Aen binders apparently had more binder flow onto the sur- 
face of the AP, as evidenced by an increase in the base width of the 
flame. 

At accelerations of 100 g's, the 0.001 HTPB would not sustain 
combustion. The strands would not ce or would burn approximate- 
ly 0.1 inch and extinguish. Sandwiches made with the two PU binder 
thicknesses and the 0.004 thick HTPB binder sandwich did exhibit in- 


creased burning rates at 100 g's. The flames in all cases were more 
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intense than the corresponding burns at zero g's. The film of the 
sandwich with the 0.004 inch thick PU binder showed large pools of 
binder flowing onto the surface of the AP. Some of these pools would 
not ignite and eventually dropped off the surface. The ones that did 
ignite produced another burning site, separate from the AP/binder 
diffusion flame. 

The apparent mechanism for augmentation is the binder flow onto 
the AP which caused a larger flame. For HTPB, the binder flow is 
critical. At 400 psia, AP crystals with no binder would support com- 
bustion but this pressure is close to the low pressure deflagration 
limit. The low pressure together with the nitrogen purge system in 
the optical centrifuge, appears to cause AP/HTPB sandwich combus - 
tion to be very sensitive to binder flow. The 0.001 thick HTPB did 
not sustain combustion at accelerations of 100 g's. This binder thick- 
ness and not have enough binder to allow both binder flow and the 
build-up of a binder post to support the AP deflagration. The 0.004 
inch thick binder allowed both the build-up of the binder post and the 
binder flow. It is thought that the reaction was quenched when excess 


binder burt up on the surface of the AP. 
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V. CONCLUSIONS 


Pee DOUBLE BASE PROPELLANT 

(1) Distinct burning sites exist on the burning surface of nonmetal- 
lized double base propellant. 

(2) Gas phase density was found to decrease continuously from the 
surface to the visible flame. Assuming that the density variation is 
predominantly determined by temperature variations, the temperature 
increases continuously from the surface to the visible flame. 

(3) The flame position depends on pressure and can be approxi- 
mately calculated using 10'/p? inches, with p in psi. 

(4) High positive Nene. tions cause augmentation and instabili- 
ties in combustion. Negative accelerations do not cause augmentation. 

(5) Augmentation mechanisms apparently occur in the surface or 
subsurface zones by causing a different interaction between the liquid 


and gas phases, and also possibly increasing the ultraviolet radiation 


into the propellant. 


Peeece wie Oolt & PROPELLANT 

(1) Increased binder thickness had no effect on burning rates of 
AP/PU sandwiches but increased the burning rate of AP/HTPB sand- 
wiches. 

Cyeoinder flow occurs at zero g's. 

(3) Burning rate augmentation occurs at high accelerations for 


AP(UHP/binder sandwiches. 


ZA 





(4) The apparent augmentation mechanism is increased binder 
flow onto the AP (which causes larger visible flames). 
(5) AP/HTPB sandwiches are very sensitive to binder flow and 


self extinguish at 400 psia and 100 g's. 


Ze 
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PROMI sR wANT SPECIFICATIONS 


(a) Double Base Propellant 


Constituents Per cent by Weight 
Nitrocellulose DO .5 
Nitroglycerin 46.8 
2-nitrodiphenylanine Zee 
Di-n-propyl Adiapate 0.4 
Candelilla Wax Om 


(b) Composite Propellant 


AP_ 
Designation Crystal Size* Principal Impurities (wt per cent) 
UHP SBE o> 297 Sulfated Ash 0.01% 
81.9% > 211 
99.6% > 10444. 
Binders 
lype Sone Per cent by Weight Cure ** 
HTPB HTPB 93.7 168.0 hr at 60°C 
iPDIi 6.3 
PU Adiprene 7240 120.0 hr at 48°C 
Gastor Oil On 8) 
1, 4 Butane Diol CO. 1 


at 
“= 


* Typical values from manufacturer data sheet 


** First three hours in vacuum in excess of 28 in. Hg. 


23 





"sojts 

sutudng Atepuodss sonpodd 03 poyust 
SUI0S *qV 3} JO sdejins dy} UO IopuUTG 
JO SJOOq “dV 04UO MOT] TSputq Yonut 
yyim Sutuing 3 O19Z UeY} DUIeTS TOS1eT 


“ay oUt 
0}UO MOTI Teputq Jo JuNOUWIe [TeWIG “sdeRj 
-Iayul tapuiq/qV 33 3e sutuang ‘3 o19z 

ye UeYY Tdds1eT yeEyMdWOS ynq ‘[]eUIS 


“dV 2y} 0}U0 MOTF ISpuTq 
JO JuNOUTe [TeUIS *sdesAOJUT TOpuTq 


/dV 24} ye DWeTjJ JUdTNQGiIn} 1931e7T 


"dV 34} Oju0 
MOTJ Taputq Jo JuNOUWe [j7eWIG ‘sdesAD4UT 


Tapulq/dV 3y} ie surely Apeoy}suou [Tews 





SYIVUISY 


S3Soy, yormpues Nd/(dHN) dv wodj eyeq jo Areurumns 


vO00 °O 


100 °0 


700 0 


ee 


L000 


(ut) 


B[IJOIg SSOUNIITYL | sey Butuang 


uaing loepuig 


MW atayit 


Cl 0 


[1-0 


60 °0 


80°0 





(99S /UuT) 


sdeLOAY 





OOT OOF 
OOT OOF 
0 OOF 
0 O07 
(3) (esd) 


UOI}ZeISTIOOY | sansssig 


24 





"y1987 


peuouenb AT] eulj 41 [1zUN SapTs yyOq UO 
PeMOT] Tepulg “TOpUtq sy} UeY} TapIm 











SeM YOTUM DWE] snonutjuOS as1eT 700°0 GTO OOT 007 
*siduisi3e 

SAT} UT UOTISNQuUIOs peuTeisSns ON = T00°0 = ‘O01 007 
"POAIASqGO MOTJ Toputq 

SUING “ISpPUIq SU} USY} UIPIM AasAeT e ql 

UJIM SUTUING sWeIJ snonutjuoo. o81e7T $00°0O Br 0 0 00F 
‘dV 94} OJUO MOTS Toputq 913317 ATOA 
"Q9eJ TOUT TapuIq/qdV ouj }e sowle;jys 

oyetedas pooeds ATasol[o ynq ‘TTeUrTS 100° 20 ‘0 0 00F 

(ut) (99s8/ut) (3 ) (etsd) 

B[IJoId | ssouyotuy | ozey sutuang 
SHI eUI9Y uaing Ieputg OSCIIAY uoT}JeLOTAOOY | o1nssaidg 


sjsoy yotmpues CqLH/(dHNA)dV Woy eyeq yo Ateuruins 


Wi aaa vy L 


iD 








Pieare |. Horizontal Color Schlieren of Double Base Propellant 
at 500 psia 





Pietae 2. Vertical Coipr Schlieren of Double Base Propellant 
at 500 psia 





Pigure 3. Horizontal Color Schlieren of Double Base Propellant 
at 800 psia 
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Figure 4+. Vertical Cwyolor Schli@éren of Double Base Propellant 
at 800 psia 





Pieuress. Double Base Propel{ant Combustion at 0 y's, 400 psia 





Figure 6, “Double Base Propellant Combustion at 100 g's, +400 psia 
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Figure 8. The Effect of Acceleration on the Burning Rate of 
Nonmetallized Double Base Propellant. 
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Figure 9. AP/PU Sandwich Combustion, 0.001 inch Binder at 0 pals 
400 psia 





Figure 10. AP/PU Sandwich Combustion, 0.004 inch Binder at 0 plc. 
400 psia 





meure Il. AP/PU Sandwich ComUustionm0N00!) inch Binder at 100 pues 


400 psia 
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Figure 12. AP/PU Sandwich Combustion, 0.004 inch Binder at 100 g's, 
400 psia 





Figure 13. AP/HTPB Sandwith Combustion, 0.001 inch Binder at 0 g's, 
400 psia 





Figure 14. AP/HTPB Sandwich Combustion, 0.004 inch Binder at 0 g's, 
400 psia 


at 








Figure 15. AP/HTPB Sandwich Combustion, 0.004 inch Binder 
at lOO e's, 400 psia 
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